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A area normal to the direction of flow 
iL cross sectional area of vapor flow 
b circumference to mid-point of wick 
F , external force 
ext 
g local acceleration due to gravity 
g constant that relates the units of force, mass, length, 
C and time (32.2 lbm-ft/lbf-sec2 or if.17 x 10° lbm-ft/lbf-hr2) 
h^ latent heat of vaporization 
fg 
J mechanical equivalent of heat (778.26 ft-lbf/BTU) 
K inverse permeability based on approach velocity 
K' inverse permeability based on pore velocity 
XT 
A 1 inverse permeability of material B (based on approach 
velocity) 
V" 
B^. inverse permeability of material A (based on approved 
velocity) 
K „ effective thermal conductivity of the wick-liquid matrix 
K effective thermal conductivity of the wick-liquid matrix 
in the evaporator section 
L effective thermal conductivity of the wick-liquid matrix 
in the evaporator section 
Kn thermal conductivity of the waveguide material 
K» thermal conductivity of heat pipe working fluid 
K thermal conductivity of microwave window material 
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A ws thermal conductivity of solid in condenser 
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B ws thermal conductivity of solid in evaporator 
1 straight line distance from mid-point of evaporator 
to mid-point of condenser 
1. heat pipe length 
le evaporator length 
1 effective length of liquid flow 
1 effective length of vapor flow 
m working fluid flow rate through each evaporator 
surface (•§- of total liquid flow rate) 
ifL liquid flow rate in capillary structure 
rn rate of circulation of working fluid at choking 
o 
m „ working fluid rate of circulation 
wi 
N heat pipe number 
n number of layers of capillary structure 
—» 
P momentum 
AP pressure difference due to capillary pumping 
AP pressure difference due to gravity 
AP pressure drop due to viscous losses in the vapor path 
AP . pressure drop in the liquid phase 
4h boiling heat flux limit 
Q heat transfer rate 
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maximum heat transfer capability of the heat pipe 
(wicking limit) 
choking heat transfer limit 
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effective radius of the critical nucleation cavity 
radius of microwave window 
vapor space radius from heat pipe centerline 
wick pore radius in condenser 
wick pore radius in evaporator 
radius of solid filament in condenser 
radius of solid filament in evaporator 
temperature 
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saturation temperature 











thickness of capillary structure in condenser 
thickness of capillary structure in evaporator 
porosity 
porosity of capillary structure in condenser 





9 angle of heat pipe with respect to the horizontal 
(positive when the evaporator is up) 
\i liquid viscosity 
|j, vapor viscosity 
x'\ 1.1 
SUMMARY 
The heat pipe is a self contained device capable of transferring 
large amounts of heat between a source and sink through a small temper-
ature difference. 
The design of a waveguide microwave window is difficult, at high 
average power, because dielectric materials have a low thermal conductiv-
ity and do not conduct easily the RF- generated heat to the walls of the 
waveguide. The materials that can be used for the construction of the 
windows must be restricted to those materials which possess a good 
thermal conductivity and very low dielectric loss. The heat dissipation 
problem is further aggravated if the window is thin, because the heat 
will be conducted in the radial direction, and thermal stresses will 
develop causing the window to fail. It would be better to conduct the 
heat in the axial direction, and this can be accomplished using the 
heat pipe principle. Bassett and Colwell/ . \ studied the feasibility 
of the design of a heat pipe cooled microwave window, and subsequently 
-rv an experimental heat pipe was constructed and tested. The test 
indicated that the heat pipe cooled windows could handle up to 2-3 MW 
of RF power at a frequency near 3.0 G-H . 
The purpose of this investigation was to optimize the design of 
a heat pipe cooled microwave window structure. Parametric studies were 
performed to determine the effects of changing window spacing, composi-
tion of capillary structure, thickness of capillary structure, window 
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thickness and window material. 
An experimental program was carried out to determine the optimum 
amount of working fluid for the structure and the transient operating 
characteristics under a variety of conditions. 
From the parametric study it was found that the heat pipe wick-
ing limit decreases with increasing mesh size number. It was also 
observed that increasing the number of layers of capillary structure 
in the condenser from 1 to 2 produces a considerable increase in the 
wicking limit, while further increase in the number of layers raises 
the wicking limit only moderately. It was also determined that the 
wicking limit is strongly dependent on the number of layers of the 
capillary structure in the evaporator, but unfortunately, these should 
be kept to a minimum since the wick-liquid thermal resistance increases 
considerably with the number of layers. The effect of window spacing 
±1 the wicking limit was also studied, and It was found that it increased 
with decreasing window spacing. Regarding the effect of the window 
material on the performance of the heat pipe It was found that for the 
two window materials considered (aluminum oxide and beryllia) the per-
formance was about the same if two or more layers of capillary structure 
are used in the evaporator. 
From the experimental program the optimum amount of working fluid 
was found to be 30 ml. The heat pipe performance, for both heptane and 
water was observed to be very similar, but the burnout limit was much 
lower when heptane was used as working fluid. 
CHAPTER I 
INTRODUCTION 
1. The Heat Pipe 
The heat pipe i£ a self-contained device capable of transferring 
a large amount of heat between a source and sink through a small temper-
ature difference. The basic heat pipe consists of a closed container 
of arbitrary shape, usually a long, right circular cylinder or parralele-
piped, lined with a capillary structure along its Inside wall as shown 
in Figure 1. To charge the device, the container is evacuated and a 
suitable working fluid is introduced in the container to saturate the 
the capillary structure (wick),, Once this is done, the device is sealed. 
Under this condition, the liquid in the wick is in thermodynamic equili-
brium with the vapor in the center portion or vapor space. An equili-
brium condition Is reached which corresponds with the surrounding temper-
ature. The pressure inside the heat pipe will be equal to the saturation 
pressure for the working fluid at this temperature. The heat pipe operates 
on a closed vaporization-condensation cycle. Heat is added at one end 
(evaporator) causing the working fluid to evaporate; the vapor formed 
flows through the vapor space to the heat rejection section (condenser), 
where it condenses on the capillary structure as its latent heat Is 
rejected to a coolant which is external to the container. During evapor-
ation the liquid recedes somewhat into the pores of the wick forming a 





















Figure 1. The Basic Heat Pipe Configuration 
rv> 
3 
consensing vapor forms a large radius of curvature at the vapor-liquid 
interface. Since the curvature is different at the evaporator from that 
at the condenser, a net pressure difference exists within the system which 
causes the liquid to be pumped "by capillary action from the condenser to 
the evaporatore 
Heat pipes can be broadly classified in two general types -
"conventional" and "variable conductance"/-,-,. The conventional heat pipe 
is a device which operates at no fixed temperature (i.e., its temperature 
rises or falls according to variations in the heat source or heat sink) 
and possesses an effective thermal conductivity much larger than any known 
material. The variable conductance heat pipe permits a control on its 
effective thermal conductivity, allowing the device to be operated at a 
fixed temperature independently of the source and sink conditions. 
According to its operating temperature, heat pipes can be 
classified, rather arbitrarily, as "cryogenic" (0 - 150K) (U-59 - 189 F ) 3 
"low temperature" (150 - 750K) (189 - 890°F), and "high temperature" 
(750 - 3000K) (890 - 5if-32°F), y The vapor pressure characteristics 
of the working fluid used determines the temperature range of appli-
cability. Figure 2 shows the approximate range of applicability of 
various working fluids in various temperature regimes. 
The heat transfer capability of a heat pipe may be limited by 
a number of considerations. First, if the capillary pumping is not 
sufficient to replenish the liquid being evaporated, a local dryout 
of the wick occurs at the evaporator. Second, if boiling of the liquid 
occurs, a vapor film forms at the wick-pipe interface, which consider-
ably decreases the heat transfer coefficient of the device. Rapid 
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Figure 2. Approximate Range of Applicability of Some Working Fluids 
in the Various Temperature Regimes, (l) 
c; 
increase in temperature occurs and burn out of the wick will result. 
Third, if the vapor velocity reaches the sonic velocity, further increase 
in mass flow rate is not possible without raising the saturation vapor 
pressure and therefore the temperature in the evaporator. Finally, the 
high velocity vapor may also interfere with the recirculating liquid 
causing liquid droplets to be entrained in the vapor and preventing 
sufficient liquid from returning; to the evaporator. 
2. Statement of the Problem 
The purpose of this project was to optimize the design of a heat 
pipe cooled microwave window structure Parametric studies were per-
formed to determine the effects of changing window spacing, composition 
of capillary structure, thickness of capillary structure, window thick-
ness and window material. 
An experimental program was carried out to determine the optimum 
amount of working fluid for the structure and the transient operating 
characteristics under a variety of conditions. 
3. The Pleat Pipe Cooled Microwave Concept 
The construction of a waveguide microwave window is difficult, 
at high average power, because the dielectric material has a low thermal 
conductivity and does not conduct easily the RF- generated heat to the 
walls of the waveguide. The materials that can be used for the con-
struction of the windows must be restricted to those materials which 
possess a good thermal conductivity and very low dielectric loss. The 
heat dissipation problem, is further aggravated if the window is thin, 
because the heat will be conducted in the radial direction as shown in 
6 
Figure 35 and. thermal stresses will develop causing the window to fail. 
It would be better to conduct the heat in the axial direction as shown 
in Figure k. This can be accomplished using the heat pipe principle. 
The heat pipe action takes place between the two waveguide 
windows of Figure 5• This figure shows the location of the heat pipe 
wick, the window elements and the waveguide walls. The wick along the 
waveguide walls is made of 100 mesh copper screen, while the wick across 
the window is a dielectric. The window material is either alumina or 
beryllium oxide, which possess a low RF loss,. The air-tight dielectric 
window elements, because of dielectric losses, are heated by the incident 
RF power. The dielectric wick and the copper wick are saturated by a 
fluid whose boiling point is near the desired operating temperature of 
the window. The waveguide walls are cooled externally by conventional 
means (i.e., fan, water cooling, fins, etc.). When, the windows become 
warm, the liquid in the dielectric wick evaporates, absorbing the 
windows' heat. This vapor condenses on the "cold" vapor wick along the 
waveguide walls releasing I~s heat, which is then absorbed by the 
external cooling system. The wick returns the condensate to the window 
area (evaporator) by capillary action, completing the cooling cycle. 
The heat transfer is by mass transfer and not by conduction. 
k. Literature Survey 
The first patent issued for a device operating on the principle 
of the heat pipe was awarded to R. S. Gaugler (U. S. Patent 23503̂ -8) in 
19^/?\. However, the pioneer work In this field is due to G-rover, et. 
al./ N at the University of California, Los Alamos Scientific Laboratory, 
7 
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who independently rediscovered in 196k-, a device similar to Gaugler's 
and coined the name "heat pipe" to describe it. Grover and his co-
workers were working in the area of spacecraft power generation at the 
time, but immediately recognized the potential of the heat pipe in 
other areas. 
In I965, Cotter/IN presented the first quantitative engineering 
theory for the design and. performance analysis of heat pipes. He con-
cluded that the heat transfer capability of the device is limited by 
the ability of the wick to sustain the required circulation of liquid 
to the evaporator zone. He also pointed out that boiling of the liquid 
in the evaporator could also decrease the heat transfer characteristics 
of heat pipes. 
Cosgrove/^N in 19^7? made an analytical study of heat pipe oper-
ation. His model was based on heat, mass and momentum balance in the 
wick, assuming that capillary action was the controlling factor in heat 
pipe performance. He concluded that the maximum heat transfer is a 
function of the working fluid, wick characteristics and the angle of 
inclination of the heat pipe with respect to gravity. An experimental 
program using water as the working fluid was performed and there was a 
good correlation between the analytical model and the experimental 
results. 
Winters and Bars eh//--v and Marcus/„% have published up-to-date 
refinements and extensions to Cotter's original presentation. These 
publications also treat other topics such as heat pipe design, heat 
transfer, and variable conductance techniques. Winters and Barsch 
present a detailed survey of many theoretica.l models, while Marcus 
10 
summarizes "well accepted features of the basic theory which are of 
interest to heat pipe designers. 
Strabeck and Bienert/ v have prepared a heat pipe design hand-
book. This work is divided in two parts. Part one covers theory, 
design, performance curves, wick data, fluid properties and materials 
compatibility. An extensive bibliography is also included. Part two 
presents computer codes which include heat pipe analysis and design 
code, data acquisition code, and variable conductance heat pipe analysis 
code. 
Williams/Q\ presented an analytical and experimental study for 
the purpose of identifying and correlating heat pipe parameters. Using 
dimensional analysis, twenty-four potentially important dimensionless 
groups were listed. An experimental program was carried out in order 
to evaluate the parameters required for correlation. Agreement between 
the experimental data and the correlation theory developed was found 
to be good. 
Large numbers of neat pipes of many different shapes have been 
built and tested. The most common heat pipe is the long thin pipe/» v. 
Heat pipes having a small length to diameter ratio, known as "Vapor 
Chambers" or "Vapor Chamber Fins", have also been used/ x. Gray/ x 
has introducted a heat pipe that rotates about its longitudinal center-
line and utilizes centrifugal acceleration instead of capillaries for 
return-pumping of the condensate to the evaporator. Katzoff, x and 
Conway and Kelly/ ~x have considered a doughnut shaped heat pipe. 
Several investigators / \ ^i x f-ia) h a v e proposed and designed 
11 
flexible heat pipes. The effect of the working fluid on the performance 
of the heat pipe has also been studied,nr * /n„x /no\- Wick character-
(16), (17), (lb1) 
istic and their performance have been studied by several authors/, \ 
fpn̂ i (Pi) ('?'?') (P^V Considerable work has been done in the area 
of heat transfer limitation of heat pipes by Neal, .->., Cosgrove et. al. 
/p. x, Kuntz et. al./-, N and Busse/p >., to name but a few. Leyman and 
Huang /p/-\ as well as Fox et. al. /p s have studied the temperature dis-
tribution in a heat pipe. The vapor flow in cylindrical heat pipes 
has been considered by Bankston and Smith/po\- Colwell et. al./p v 
studied the effect of noncondensables in a heat pipe and concluded that 
at low heat transfer rates, the presence of noncondensables in a heat 
pipe greatly affects its thermal conductance, while at higher levels of 
heat transfer rates the effect is not as marked. 
Regarding the practical applications of heat pipes, it can only 
be said that they are innumerable, they range from domestic uses to 
space applications. Corman and McLaughlin, \ i K have used heat 
pipes to cool integrated circuits as well as A-C motors. Sparrow et. 
al. / M have suggested the use of heat pipes for solar collector modules. 
Katzoff/ N has considered a doughnut shaped heat pipe for the external 
control of a spacecraft. Kirkpatrick/„^, s has presented the progress 
achieved at MSA's Ames Research Center using heat pipes as (l) a 
variable conductance link, between a heat source and sink to provide 
temperature stability; (2) a feedback control mechanism that acts to 
directly maintain the source at constant temperature; (3) or as a 
thermal diode that allows heat to be transferred in one direction only. 
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Bassett and Colwell/ < \ studies the feasibility of the design of a heat 
pipe cooled microwave window, and subsequently/ ^ an experimental heat 
pipe was constructed and tested. The test indicated that the heat pipe 
cooled windows could handle up to 2 - 3 megawatts of RF power at a 




The heat pipe used in this Investigation was designed with future 
experimental testing in mind. The device provides great flexibility 
since several of Its components can be exchanged fairly easily; for 
instance, different wicks, microwave windows, heaters and working fluids 
can be used. 
The heat pipe shell (waveguide) was made of a 2.5 in. inside 
diameter by 7.20 in. long copper tube. The capillary structure along 
the waveguide (condenser) consisted of four layers of 100 mesh copper 
screen. The capillary structure on the windows (evaporator) was also 
made of four layers of 100 mesh copper screen for reasons of simplicity, 
and due to the fact tha-: only the thermal characteristics of the device 
were being evaluated. In the real model the capillary structure in the 
evaporator region would be made of a dielectric material with low 
dielectric loss (such as fiberglass cloth). It should be mentioned 
that some preliminary testing has been done by Colwell et. al., s 
using fiberglass cloth as the capillary structures in the evaporator, 
and a satisfactory performance was obtained. 
The working fluid cavity was sealed by an 0-ring between the 
waveguide wall and the window on each end. A retaining collar was used 
to apply a force on each end of the heat pipe assembly. Three separate 
ports of access to the heat pipe were provided, one for injecting the 
11+ 
working fluid, another i'or connecting a pressure transducer, and a.third 
to connect a vacuum system. The waveguide was surrounded by a cooling 
jacket to remove the heat generated during operation. Figures 6, 7 and 
8, show the waveguide-cooling jacket sub-assembly, a schematic of the 
test section and a block diagram of the test rig respectively. The 
heating elements at each end, as shown in Figure 8, were arranged to 
provide a tapering of power per unit area in order to stimulate the 
TE mode power distribution which concentrates the heating energy in 
1,1 
the central region of the microwave window. The notation TE identi-
1,1 
fies the particular mode of transmission. For any mode of transmission 
in a circular waveguide, the transverse fiels may be resolved into two 
components, tangential and radial. Both of these components vary 
periodically along a circular path concentric with the wall and vary 
in a manner related to a Bassel function of order m along the radius. 
Any particular mode is identified by the notation TE or TM , where 17 m,n m,n' 
m is the total number of full period variations of either component of 
field along a circular path concentric with the wall and n is one more 
than the total number of reversals of sign of either component of field 
along a radial path /./», Due to the fragility of the ceramic micro-
wave windows (aluminum oxide and beryllia), aluminum windows were used 
in the experimental testing. Colwell et. al. (*3cz) used aluminum oxide 
windows in a preliminary testing and good results were obtained. 
There were fourteen Chrome1-Alumel thermocouples mounted on the 
test heat pipe. Ten were located along the waveguide, and two were 
installed on each end of the heat pipe, in the evaporator region. Three 
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Figure 8. Block Diagram of Test Rig 
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Copper-Constantan thermocouples were also installed in the device, two 
at the inlet port and one at the exit port of the cooling jacket. One 
thermocouple measured the temperature of the cooling water at the inlet 
port, while the other two measured the increase in water temperature 
from the inlet to the exit of the cooling jacket. See Figure 8. 
The power supply system to the heating elements consisted of 
an alternating current voltage regulator, volt meter, and ammeter. The 
excitation voltage for the pressure transducer was provided by a D.C. 
power supply. The vacuum system comprised the vacuum pump, connecting 
copper tubing, vacuum needle valves, and a thermocouple vacuum gage. 
The condenser cooling water system, on the other hand, was composed of 
a constant head tank supplied with building water, cooling jacket inlet 
control valve, water collection beaker, and connecting tubing. Lastly, 
the working fluid injection system consisted of a 50 ml. graduated 
burette wrapped with an electric heating element which allowed pre-
heating of the working fluid in order to drive out air dissolved in it 
before injection. A needle valve was used to aid in accurately metering 
the amount of working fluid used. 
The readings of the Chrome1-Alumel thermocouples were recorded 
on a l6-channel Honeywell recorder, while the difference in readings 
between the cooling water inlet and outlet, as well as the pressure 
transducer outputs were registered directly on a Leeds and Worthrup 2-
channel continuous recorder. The water temperature at the cooling 
jacket inlet was monitored with a Leeds and Northrup potentiometer. 
Finally, a vacuum gage control was used to determine the initial pres-




The experimental program carried out during the present investi-
gation consisted of two parts. First, the amount of working fluid needed 
to saturate the heat pipe capillary structure had to be determined. Once 
this was done, the second step In the program was to evaluate the per-
formance of the heat pipe cooled microwave window model for both water 
and heptane. 
The following steps were taken In order to determine the amount 
of working fluid needed to saturate the capillary structure. 
a. The heat pipe was thoroughly cleaned with acetone and then 
assembled. 
b. The heat pipe was positioned horizontally on the test bench, 
and the pressure transducer, vacuum system and calibrated burette were 
connected to it. 
c. The system was pumped down until the pressure inside the heat 
pipe was about 30|j,Hg. 
d. All valves were closed and the system was monitored for leaks 
with a thermocouple vacuum gage.. If the leak rate was about five micron 
of Hg per hour, the system was assumed to be leak tight for the purpose 
of this investigation. 
e. The working fluid to be used (distilled water), was heated In 
the calibrated burette to remove absorbed gases and then slowly bled 
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into the heat pipe. 
f. The cooling water was then allowed to flow from the constant 
head tank through the cooling jacket. The cooling water flow rate was 
adjusted by means of a valve and it was measured by collecting the flow 
in a graduated cylinder over a certain time interval. This flow rate 
was checked periodically during each run in order to maintain as constant 
a flow rate as possible. 
g. Next, the evaporator heaters were turned on with an initial 
power setting of about 15 watts. The temperatures along the waveguide, 
at the windows, the pressure inside the heat pipe and the temperature 
increase of the cooling; water were continuously monitored and recorded, 
until steady state operation was attained. 
h. The power setting was then increased to the next desired 
level and again, all temperatures and the pressure inside the heat pipe 
were recorded. This step was repeated for several power settings until 
the maximum power input desired was reached. 
i. Then an additional 10 ml. of working fluid was bled into the 
heat pipe and steps g and h were repeated. 
j. The previous step was repeated until the total amount of 
working fluid inside the heat pipe reached 50 ml. 
Once the amount of working fluid needed to wet the capillary 
structure was determined (see Chapter VI), the following steps were 
taken in order to evaluate the heat pipe performance. 
1. The system was pumped down until the pressure inside the 
heat pipe was about 30|_iHg. 
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2. The system was then monitored for leaks. 
3. Next, 30 ml. of distilled water previously heated in the 
calibrated burette were slowly bled into the device. 
h. The cooling water was set at a small flow rate (about U-.80 
lbm/hr.). 
5. The evaporator heaters were turned on with an initial power 
setting of about 15 watts. The temperatures along the waveguide, at the 
windows, the pressure inside the heat pipe and the temperatures increase 
of the cooling water were continuously monitored and recorded, until 
steady state operation was attained. 
6. The power setting was then increased to the next desired 
level and again, all temperatures and the pressure inside the heat pipe 
were recorded. This step was repeated for various power settings until 
a maximum power input of about ^30 watts was reached. 
7. Steps 5 and 6 were repeated for medium (about 10.15 lbm/hr.) 
and high (about 23.02 lbm/hr.) cooling water flow rate. 
8. When the testing program described above had been completed 
the power was set at 280 watts and the cooling water flow rate was set 
at about 5.82 lbm/hr. After the system had stabilized, the vacuum pump 
was turned on and the working fluid (water) was removed from the heat 
pipe. This was done in order to monitor the microwave window temper-
atures when they were heat pipe cooled .and when the heat was transferred 
by conduction. 
9. When the testing program described above was finished the 
system was evacuated again and heptane was injected in the heat pipe 
to use it as working fluid. 
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10. The cooling water was set at a high flow rate (about 23.02 
lbm/hr.). 
11. Steps 5 and 6 were repeated in order to evaluate the per-
formance of the device. 
12. Step 8 was repeated, 
It should be mentioned that special care was taken when working 





The purpose of this chapter is to study the general relations 
which describe the performance of a heat pipe. These relations are 
applied to the model of the heat pipe cooled microwave window in order 
to determine its theoretical performance under a variety of conditions. 
2. Heat Pipe Limitations 
It was pointed out in Chapter I that there are several factors 
which may limit the heat transport through a heat pipe. These include 
choking in the vapor region, vapor entrainment of the liquid from the 
capillary structure, boiling In the evaporator and dryout of the wick 
at the evaporator region, due to Insufficient capillary pumping (maximum 
capillary flow or wicking limit). This last type of limitation is the 
most important mode of failure in the present application. (See 
Appendices A, B, C, D, ) 
A. Choking 
A heat pipe is said to be "choked" when flow of its working fluid 
is restricted due to sonic velocity occurring at some point in the flow 
path. When this happens the circulation rate Is limited to: 
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and the maximum axial rate of heat transfer is given by: 
I = m h_ (4.2) 
s s f g v ' 
B. Entrainment 
Entrainment is associated with high axial vapor velocities. 
Since the vapor and liquid flows are in opposite directions inside the 
heat pipe, it is possible for the vapor to pick up liquid from the 
capillary structure. 
Entrainment takes place when the Weber number (ratio of the 
inertial forces in the vapor and tension forces in the liquid) is 
unity/., \. The Weber number is defined as; 
Zp v 
V*e - - 2 L - ()4.3) 
where v is the average vapor velocity and Z is a characteristic dimension 
for the surface. The axial heat flux is given by: 
f = v K h (k.k) 
v 




which represents the axial heat flux at the onset of entrainment. 
At the present time, it is not possible to predict theoretically 
the value of the characteristic dimension Z. Experimental data seem 
to indicate that at the onset of entrainment the Weber number is unity, 
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if Z is approximately equal to the mesh size of the wick. Furthermore, 
there is not sufficient quantitative information to decide whether Z 
is related to the wire diameter or the wire spacing/ v. 
Entrainment increases the circulation losses in the heat pipe 
and consequently reduces its heat transfer capability. Of all the heat 
transfer limitations of heat pipes, the entrainment limit is the least 
severe. 
C. Boiling in the Evaporator 
This type of limitation has received so far very little attention. 
Cotter,, x was the first to point out the possibility of nucleate boiling 
in the evaporator and stated that: 
The onset of boiling may be characterized by a critical bubble 
radius of curvature r, which depends on the nature and geometry 
of the interface where bubbles nucleate. If the difference 
between the pressure of the vapor in the bubble and the pressure 
in the surrounding liquid is less than 2 o/r, then the bubble 
will collapse. 
Boiling within the evaporator is believed to decrease the heat transfer 
capability of the heat pipe due to vapor blockage in the evaporator. 
So far, there is no consistent theory which has been tested experimentally. 
It is a common design practice to define the heat flux limit at 
the onset of nucleate boiling/, \ as: 
K ._ 
q = -4S4 ATcrit. (h.6) 
°B 
this boiling heat flux limit corresponds to the conduction heat flux, 
which yields a critical super heat iffcrit. The amount of super heat 
at nucleate boiling is, according to Davis,07\? and- Silverstein, ^ : 
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2o- T 
ATcrit == — — — (k.7) 
h p r 
f g Mv 
where r is the effective radius of the critical nucleation cavity. 
-h -3 
Typical values for smooth surfaces are between 10 and 10 inches. 
For a wick, little is known about the value of r, but the pore radius 
of the wick can be used for practical purposes/., \. 
D. Capillary Limitation 
The most important limitation in the present investigation is 
tine maximum capillary flow that the wick structure can sustain. As 
liquid flows in the capillary structure, pressure losses develop and 
at maximum flow rate the pressure loss is equal to the maximum pressure 
rise furnished by the wick. 
In order to determine the capillary limited heat flux, consider 
the model shown in Figure 9-
From the momentum equation: 
Assuming steady operation and thaH; the velocities are small, the 
changes in momentum can be neglected and equation (̂-.8) reduces to: 
I?ext = ° (*-9) 
The momentum equation, can then be written (neglecting interfacial 
pressure drops (see Appendix E) as: 
AP = AP . * AP ± AP (J+.10) 
"c vl w g 
JA 
Figure 9- Heat Pipe Capillary Model 
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The maximum capillary pumping is given by (39) as: 
APC - —• ( 4 . n ) 
The pressure difference due to gravity is determined from (39)? 
AP = gp sin 6 (4.12) 
but since the heat pipe in this investigation is in the horizontal 
position, the effect of the gravitational field is neglected. 
The pressure drop due to viscous losses in the vapor path, has 
been estimated in the heat pipe literature (39) to be given fairly 
accurately by: 
8u m I 
^ = — — t ^•13) 
TT Pvrv 
This pressure drop is very small (see Appendix E) in the present appli-
cation, and therefore, may be neglected. 
The pressure drop in the liquid phase can be determined from 
(see Appendix G): 
M.. m r 0.055 RK I* AK. -i 
A «*> Vl L eB 6B ^ A ^ J ^ ^ 
Therefore, substitution of (4.11) and (4.l4) into (4.10) yields: 
2a ^ 6 r ° - 0 5 5 B K l ^A^l r ^ B i I I . " I n n t r s 
BrP P£ "BWB ^°A"A 
the heat transfer rate for the heat pipe is given by: 




m = -^» (If. 16) 
h p 
fg 
Substituting (k.1.6) into (I+.15) and solving for Q, gives the 
maximum heat transfer capability, or wicking limit of the heat pipe. 
max 
2api hrK 
^ B r P 
-
0.055BK:_ t A AKX 
eB6B 4 eA6Ab 
] OK 17) 
or in terms of the heat pipe number N, 
L [ i " (k.!8) 
P 0.055 ̂  lk A 
eB 5B ' + lreA5Ab 
where 
N = a *S (U.19) 
M-I 
3. Thermal Resistances 
In order to determine the overall thermal resistance of the heat 
pipe structure, consider the model shown in Figure 10. Symmetry about 
the centerline and about the mid plane of the pipe is assumed. Under 
these assumptions the total energy transported by the device will be 
twice that of the computed for the model. Figure 11 shows schematically 
the potentials and resistances of the heat pipe model. The heat transfer 
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Figure 11 . Schematic of Heat Pipe Po ten t i a l s and Res is tance 
OJ 
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)f the device is given then by: 
Q = 
r|l - T 8 
L i 
(U.20) 
It is now necessary to determine each one of the thermal resis-
tances of the device. 
A. Microwave Window Resistance 
The thermal resistance of the microwave window is given by (14-0) 
R w 12 v 2: TT K rT w b 
(U.21) 
B. Wick-Liquid Resistance in Evaporator 
The composite wick-liquid matrix in the evaporator has a thermal 
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(̂ .22) 
The effective thermal conductivity of the wick liquid in the evaporator 
can be determined according to Williams,^\ from: 
\ 
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C. Interfacial Resistance at Evaporator 
The interfacial thermal resistance is given, according to Wilcox 




 2TT r * Pq h * (g )
£ J v 3 fg K O c ' 
Where. P is the saturation pressure corresponding to T . This expres-
sion was derived from kinetic theory assuming that the accumulation 
coefficient is unity (the probability of condensation of an impinging 
vapor molecule). 
D. Thermal Resistance in Vapor 
The thermal resistance in the vapor can be determined in the 
following way. 
Since the total vapor pressure AP is relatively small for the 
heat pipe, the vapor may be treated as an ideal gas, and the Clausius-
Clapeyron equation may be used to determine the corresponding temper-
ature difference: 
AP T 
\ - T = ^ ^ - (U.25) 
fg 
• ' , , ( - - - -
v Q\ P P 
Where AP is given by equation (U-.13). 
The heat flux is given by: 
T, - T 
3 - ~ 2. ([,.26) 
R^5 




Q = A h f (k.2Q) 
Then 
R45 = 5 - ^ 7 ^ - ^-
£9) 
E. Interfacial Resistance at Condenser 
The interfacial thermal resistance in the condenser is given by 
(39). 
(2) (2TT)* R 3/ 2 T. 5 / 2 
R , a • g* r (if. 30) 
pD (2) 2TT T t.P,h„ *(g )2 J 
K ' v A 6 fg voc 
Where P^ is the saturation pressure corresponding to T/-. 
F. Wick-liquid Resistance in Condenser 





The effective thermal conductivity of the wick-liquid matrix in the 
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G. Waveguide Resistance 
The waveguide thermal resistance is given by. 
r a 
to ~ 
> _ * 
78 " n KG lA 
(̂ .33) 
the overall thermal resistance of the heat pipe is therefore given by: 
I Ri = tw + -r 
( 2 T T ) 2 R 2 / 3 T 3
5 / 2 
"  —r 
KgTTT^2 2 T T T , 2 P 0 h ^
2 ( 
"w b b 'v 3 fi 
8̂  l T, ( i - -i- ) 
r V V 4 \ D P. / v K£ 
\ 2 
np r h„ r v v fg 
( 2 r r ) 2 R 3 / 2 T 6
5 / 2 
2T(r IJ'AI,
 2(gc)i J v A 6 fg v ° c 7 
rn r 
9 b , a 
to —- to — 
r r 
_v b 
' n KC lA " KG *A 
(^3*0 
The heat flux can now be computed using equation (U.20). The 
values of T , T, , and Ts have to be assumed before the overall thermal 
resistance can be computed. It should be noted that partial wick dry 
out and retreat of the liquid into the pores have not been accounted 
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L'or :i M those resi.MLanc&s. finder certain cojj&itioris these effects may 
be significant. For a discussion in this area, see .Reference (̂f-2). 
Once Q, has been determined, all unknown temperatures can be computed. 
k. Selection of Working Fluid 
The selection of the heat pipe working fluid is extremely 
important for the proper performance of the device. In general the 
working fluid must have (a) high surface tension to provide satisfactory 
capillary pumping, (b) good wetting characteristic, for the same reason 
as in (a), (c) low viscosity, to aid pumping, (d) high latent heat of 
vaporization to aid axial heat transfer, (e) high thermal conductivity 
to aid heat transfer between fluid, wall and wick, (f) freezing and boil-
ing points compatible with the range of operation, (g) large density to 
reduce flow resistance, (h) compatibility with the wick and container in 
relation to corrosion and (i) chemical stability. In addition to these 
properties, the working fluid used in the present application must 
possess a good microwave transmission characteristic, i.e., low di-
electric loss. 
In equation {k.±S)), the heat pipe number, N, was defined as, 
This number, also known, as the liquid transport factor, depends only 
on the fluid properties and gives an Indication of how suitable a given 
fluid Is for heat pipe applications. The higher the value of this 
factor, the higher the circulation rate In the heat pipe. Figure 12 
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of heat pipe working fluids. 
A. number of working fluids were considered by Colwell et. al., % 
and several were found to have desirable properties (both thermal and 
microwave). Two of these, heptane and carbon tetrachloride, were found 
to be particularly suitable. The decision to use heptane in the present 





The purpose of this chapter is to discuss the effects of changing 
different design parameters of the heat pipe colled, microwave window on 
its performance. 
The first step in this parametric study was to determine the 
wicking limit of the heat pipe model using first water and then heptane 
as working fluids for several capillary structure arrangements. Table 
1 shows the different capillary structure combinations considered in 
the present investigation. 
Figure 13 shows the variation of the wicking limit with the mesh 
size of the capillary structure in the condenser. This variation is 
Illustrated for a capillary structure consisting of 2 layers of fiber-
glass cloth in the evaporator, 2 screen layers in the condenser and 
water used as working fluid, but the results follow the same pattern 
for other combinations shown in Table 1, From Figure 13, It can be 
seen that the wicking limit decreases with increasing mesh size number. 
As indicated in Chapter IV, the heat pipe under consideration is assumed 
to be symmetrical about its centerllne and mid plane. Under this con-
dition the total energy transported by the device will be twice that of 
the computed for the model shown in Figure 10. Therefore, in Figure 13, 
one half Q, refers to one window, while Q. refers to both windows. 
max max 
Figure lh shows the effect that the number of layers in the 
^0 
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Condenser Capillary Structure: 100 mesh cu. screen 
Evaporator Capillary Structure: Fiberglass ("loth 
(two layers) 
•feat Pipe Length: 0.6 ft. 
Working Fluid: Water 
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Numbers indicate number of layers of capillary structure in the 
condenser 
Figure ll+. Wicking Limit 7s. Vapor Temperature as a Function 
of Capillary Structure in the Condenser 
h3 
condenser have on the wieking limit of the device. From the Figure, 
it can be observed that increasing the number of layers of capillary 
structure in the condenser from 1 to 2 produces a considerable increase 
in the wieking limit, while further increase in the number of layers 
raises the wieking limit only moderately. 
Figure 15 shows the variation of the wieking limit with the 
number of layers of capillary structure in the evaporator. It is 
obvious from this plot that the wieking limit is strongly dependent 
on the number of layers of the capillary structure in the evaporator. 
Unfortunately, the number of layers in the evaporator should be kept 
to a minimum since the wick-liquid thermal resistance increases con-
siderably with the number of layers, as can be seen from Appendix K. 
Figure 16 shows how the window spacing affects the wieking limit 
of the device. It should be mentioned that the window spacing was 
varied arbitrarily in order to show Its effect upon the heat pipe 
capillary limitation. In a real application, the windows have to be 
separated a specific distance in order to offer a good Impedance match 
to the Incident RF signal. From the Figure it is observed that the 
wieking limit Increases with decreasing window spacing. 
Figure 17 depicts the heat pipe wieking limit for the two work-
ing fluids considered in this investigation. 
It should be pointed out that even though a capillary structure 
consisting of 2 layers of 100 mesh copper screen in the condenser, two 
layers of fiberglass cloth in the evaporator and water as working fluid 
was used to arrive at the conclusions derived from the previous Figures 










Condenser Capillary Structure.: 100 mesh cu. 
screen (2 layers) 
Evaporator Capillary Structure: Fiberglass Cloth 
6o loo 200 300 
IVap (°F) 
i+00 500 
Numbers indicate number of -layers of capillary structure in the 
evaporator 
Figure 15. Wicking Limit Vs. Vapor Temperature as a Function 










Condenser Capillary Structure: 
100 mesli copper 
screen (2 layers) 
Evaporator Capillary Structure: 
Fiberglass Cloth 
(2 layers) 
Working F uid: Water 
100 !00 300 
'J.Vap (°F) 
i+00 500 
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Figure 17. Wicking Limit Vs. Vapor Temperature for Water 
and Heptane Used as Working Fluids 
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for other combinations considered in the present investigation. 
Figures 18 and 19 show the calculated performance for a heat 
pipe cooled microwave window. In Figure 18 two different types of 
microwave window materials were considered, and water was assumed to 
be the working fluid. Furthermore, in both figures, the effect that 
the number of layers of capillary structure in the evaporator have on 
performance can be appreciated. 
kQ 
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1. Determination of the Working Fluid Volume 
The first part of the experimental program carried out, consisted 
of determining the optimum amount of working fluid needed for proper 
operation of the heat pipe cooled microwave window. It was decided to 
experimentally determine the working fluid volume of the device, due 
to the various connections that were made on it. The connections made 
theoretical estimation somewhat uncertain, since the working fluid 
partially filled them. 
The procedure followed wa.s outlined in Chapter III, and the 
results obtained are shown In Figure 20. This Figure shows the heat 
pipe performance for several volumes of working fluid. It can be 
observed that the rate of heat transferred increased when the volume 
of working fluid was augmented from 20 to 30 ml. When the working 
fluid volume was again increased, this time to 40 ml., the amount of 
heat transferred decreased. The working fluid was further increased, 
to 50 ml., and the heat transferred increased again in this case. It 
was believed however, that this last Increase in the amount of heat 
transferred was probably due to convective effects from the excess 
amount of working fluid and not to heat piping. Consequently, in 
evaluating the heat pipe performance., it was assumed that the ideal 
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Figure 20. Heat Transfer Vs. Vapor Temperature 
for Various Working Fluid Volumes 
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cooled microwave window was 30 ml. 
2. Heat Pipe Cooled Microwave Window Performance 
The performance of the device was evaluated first using water 
and then heptane as working fluids. 
Figure 21 shows the heat transferred vs. vapor temperature for 
various cooling water flow rates. It was found that for high flow 
rates (23.06 lbm/hr) it was possible to maintain the vapor temperature 
at about 100 F for a heat flux of i+35 watts. It should be mentioned 
that about 35 percent of this heat input was lost to the surroundings, 
since the system was not insulated. None-the-less, it Is expected that 
considerably higher power levels could be handled when vapor temper-
atures are allowed to increase to the 300 to U-00 F range. At this 
point, it should also be pointed out that the heat pipe condenser 
section must be redesigned In order to obtain higher vapor temperatures. 
At the present time, the highest vapor temperature attainable is about 
213 F, at which point the water in the cooling jacket starts boiling. 
Figure 22 Is a plot of the heat transferred vs. vapor pressure 
for various cooling water flow rates. 11, can be observed that the 
vapor pressures were very small (especially for high cooling water flow 
rate), the reason for these being, as explained above, the inadequacy 
of the condenser. 
Figure 23 shows a plot of the ratio of the measured vapor 
pressure, to the vapor pressure corresponding to the measured condenser 
temperature vs. the temperature In the condenser. The shape of the 
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inside the heat pipe may not be in saturated condition and that higher 
thermal resistance exists at low density. 
Figure 2h is a cross plot obtained from Figure 21. It shows 
the heat transferred vs., cooling water flow rate for various vapor 
temperatures. It can be observed that higher heat transfer rates are 
obtained with increasing vapor temperature. 
Figure 25 compares the heat pipe performance when water and 
heptane are used as working fluids. The heat pipe behaves in a very 
similar manner with both fluids, but of course the burnout limit is 
much lower when heptane Is used as a working fluid (see Chapter V). 
Figure 26 compares the temperature in the microwave windows 
when they were being heat pipe cooled and when the heat was being re-
moved by pure conduction. As can be seen from this figure, the window 
temperatures were considerably lower when being heat pipe cooled as 
opposed to the case when the heat pipe was not in operation. This 
figure was obtained by setting the power level at 280 watts, the cool-
ing water flow rate at 5.82 lbm/hr. and waiting for the system to 
stabilize. Once this was accomplished the vacuum pump was turned on 
and the valves connecting it to the heat pipe were opened and the work-
ing fluid removed from the heat pipe. 
It can also be observed from the above mentioned figure that the 
window temperature increases faster when heptane rather than water is 
being removed from the neat pipe. This is due to the fact that heptane 
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Figure 27 allows a comparison between the theoretical and 
experimental performance of the heal, pipe tested. It is obvious that 
theoretically large amounts of beau can be transferred for relatively 
small temperature gradients. Expermentally, this was not the case. 
For example, according to calculations, it is possible to transfer 
about 1000 BTU/HR. for a AT of 1°F, while from the experiment it is 
required a AT of about 500 F. The explanation for this is that any 
gap filled with water between the window and the evaporator capillary 
structure, as well as similar gaps between the various capillary layers 
will produce large temperature gradients. For instance, at 1000 BTU/HR., 
a gap of l/l6 in. between the window and the evaporator capillary 
structure, as well as between each of the evaporator layers, would 
produce about 500 F temperature drop. These gaps actually existed 
in the experimental setup, and in the future, care must be taken to 
tightly pack the layers next to the windows. It should also be pointed 
out that in the theoretical calculations performed the window was 
assumed to have a uniform temperature} while this was not actually 
the case. 
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C liar ac t e r i s t i c 
T = Temperature at the Center 
of -3he Window 
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forking [' lu i d: M e pt ane 
Evaporator and Condenser Capillary structure 
00 mesh cu. screen (h layers) 
bcper ime nt al Pc rformance 
haracteristic 
\ £ 
( 1 t 1 1 1 1 1 
AT - 'Pi'. 0(°F) 
10 
Figure 27. Comparison Between Theoretical and 




CONCLUSIONS AND RECOMMENDATIONS 
1. Conclusions 
From the experimental program, as well as from the theoretical 
calculations performed, the following conclusions can be drawn. 
1. The heat pipe cooled microwave window arrangement is feasible 
to conduct RF-generated heat to the walls of the waveguide. 
2. Water Is a better working fluid for the heat pipe than 
heptane, but It does not have good microwave characteristics. 
3. Heptane is a suitable working fluid for the heat pipe, but 
modifications in the capillary structure will have to be made in order 
to increase the burnout limit, i.e., have open channels (annuli) between 
the wick layers along the waveguide. 
2. Recommendations 
The following recommendations are made In order to Improve the 
actual testing facility, as well as to obtain a better understanding 
of the operating characteristics of the device. 
1. A better way to seal the heat pipe is needed. 
2. The evaporator capillary structure has to be modified in 
order to insure that no gaps exist neither between the window and the 
capillary structure, nor between the various layers of the wick. 
3. The heat pipe condenser has to be redesigned in order to 
attain higher vapor temperature. 
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h. Additional thermocouples have to be Installed, especially 
in the evaporator region, in order to better determine the temperature 
distribution in the windows. 
6k 
APPENDIX A 
ESTIMATION OF THE CHOKING- LIMIT 
The maximum a x i a l r a t e of heat t r a n s f e r under choking cond i t ion 
Is given by equat ion (k.2) a s : 
% = ^s h fg (A-X) 
where 
m = p U rrr 2 (A.2) 
s rv s v 
and 
ug = J :^CRT (A.3) 
Assuming an opera t ing temperature of 80 F, and water as the working 
f l u i d , i t follows t h a t : 
k = 1,320 p B ! . 5 8 X 10" 3 l bm/ f t 3 
g = 3 2 . 2 l b m - f t / l b f - s e c 2 r = 0.101 f t 
c ' v 
R = 8 5 - 7 6 f t - lb f / lbm°R 
T = 5U0°R 
S u b s t i t u t i o n of these va lues i n equat ion (A. l ) through (A.3) y i e l d s : 
S , - 2 . 6 9 , 1 0 ^ 
Table 2 shows the choking limit at different temperatures for 
the heat pipe under consideration. 
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Table 2. Test Model Choking Limit 
at Different Temperatures 
Tempera tu re 
(°F) 
Working 
F l u i d 
% x 1 0 - 6 
(BTU/HR) 
70 Wate r .193 
-x-
Heptane .12** 
100 Water A89 
Heptane .256 
150 Water 1 .79 
Heptane .738 
200 Water 5 . 2 1 
Heptane 1.56 
250 Water 1 2 . 7 
Heptane 3 . 1 1 
300 Water 2 7 . 2 
Heptane 5-99 
350 Water 5 1 . 8 
Heptane 9 .46 
^00 Water 9 0 . 9 
Heptane 1 5 . 6 5 
4-50 Water 14-9.0 
Heptane 2 0 . 2 7 
500 Water 2 2 9 . 0 
Heptane 2 0 . 9 9 
Physical properties for Heptane can be found in Reference 4-2. 
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From Tabic 2 it is obvious that the choking limit will not be 
reached with the present design. 
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APPENDIX B 
ESTIMATION OF THE ENTRAINMENT LIMIT 
The entrainment limit Is given by equation (U.5) as: 
/ Pvcr
h
fir g . 
Q = Av ( - H M ) <B^ 
For an operating temperature of 80 F and using water as the working 
fluid, It follows that, 
p = 1.5 x 10"3 lbm/ft3 Z = 5.83 x 10 ft. 
2 „,2 
a = 5 x 10~3 lbf/ft. A^ = TT(.IOI) ft 





Q, = 7-9^ x 10" 
Table 3 gives the entrainment limit for the heat pipe under 
study for various temperatures. 
Comparing these values with those of the wicking limit (see 
Appendix D), it can be concluded that the entrainment limit will not 
be reached with the present design. 
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Table 3. Test Model Entrainment Limit 




F lu id 
Q x 10_ l j 
(BTU/HR) 
70 Water 6.82 
Heptane 1.81 
100 Water 10.1* 
Heptane 2.^2 
150 Water 18.6 
Heptane 3-57 
200 Water 29 .3 
Heptane k.kk 
250 Water ^2.2 
Heptane 5.56 
300 Water 56.6 
Heptane 6.68 
350 Water 70.7 
Heptane 6.89 
lj-00 Water 83.7 
Heptane 7.23 
^50 Water 91+.0 
Heptane 6.1+8 
500 Water 97.1 
Heptane U.26 
APPENDIX C 
ESTIMATION OF THE HEAT PIPE IIMITATION 
DUE TO BOILING IN THE EVAPORATOR 
The heat flux limit at the onset of nucleate boiling In the 
evaporator is given by equation (U.6) as: 
K ff 
4b - ~ - ATcrit (C.l) 
or 
A K r, 
<b = 4bAe = ^ i - i T c r i t 
where 
xm •+ 2q T s a t fn „x 
ATcr i t = 7—-—r-r ( c - 2 ) h„ p r J 
fg Kv 
and A is the evaporator area. 
For the 100 mesh capillary structure, water as the working fluid 
and a saturation temperature of 200 F, it follows that: 
Keff = 111.32 BTU/HR-ft-°F hfg = 977-9 f ^ 
5B = 1+(10.1*3* 10 ft)- k.YJZ xlO ft p^ = 2.97 x 10"
2 —;• 
-3 -,^/^u. .. T^T, O O>. .. n ^ A 
a = k.l x 10"
J Ibf/ft r = B P = 2.2̂ +x 10 ft 
Tsat = 660°R A = 3.1+1 x 10~2 ft2 
e 
and 
4 = 2.85 x 105 BTU/HR. ft' 
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Table h gives the values of the heat flux limit at the onset 
of nucleate boiling for the heat pipe under consideration at different 
temperatures. 
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Table k. Test Model Heat Flux Limit 
a t Di f fe ren t Temperatures 
Temperature Working % X 1 0 o 
(BTU/HR ft2) (°F) Fluid 
70 Water 1350 
Heptane 218 
100 Water 556 
Heptane 105 
1^0 Water 162 
Heptane 3̂ .6 
200 Water 57.0 
Heptane 15.6 
250 Water 23.8 
Heptane 7.28 
300 Water 11.2 
Heptane 3.51 
350 Water 5.7^ 
Heptane 2.00 








DETERMINATION OF THE HEAT PIPE WICKING LIMIT 
The wicking limit of the heat pipe under consideration is given 
by equation (4.17) as: 
2crh„ 
fg [ 1 
^ / • p 
.055 BK1 ! 'WS. 
e D 5 B ^ e A 6 A b 
Snax = — t L ... JL -OCT J (Da) 
Tables 5 and 6 give the wicking limit of the heat pipe under 
consideration for various temperatures using water and heptane res-
pectively as working fluids. The same information is plotted in Figure 
28. 
From these tables and from calculations in Appendices A, B, and 
C, It is obvious that the wicking limit is the most important limitation 
for the heat pipe under study. 
73 
Table 5• Test Model Wicking Limit at Different 
Temperatures Using Water as Working 
Fluid 





200 6k, 10 
250 72.00 






Table 6. Test Model Wickiog Limit a t Di f fe ren t 
Temperatures Using Heptane as Working 
F lu id 
Temperature 
(°F) 
ft (BTU max 
50 1732 Ao 
100 1881.00 
150 1857.80 
200 17^6 Ao 
250 1723.20 
300 1588.ko 
350 1300 .ko 
^00 10^0.^0 




Evaporator and Condenser Capillary Structure 







300 ^00 500 
Figure 26. WIcking Limit Vs.. Temperature for 
Test Model Using Water and Heptane 
as Working Fluid 
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APPENDIX E 
ESTIMATION OF INTERFACIAL INERTIAL FORCES 
The pressure change across an evaporative interface, including 
inertial forces, is given by (8) as: 
,2 
' l - M (E.l) P - P. v Z 
2o~ 'v v *VJ 
r 
B P I 
or 
Pv " Pl = 
T (n U ) 
2o' f IT_P v W 
1 '" 2rr r 
B P 
1 - v 
Pv v H 
(E.2) 
From experimental data, It Is found that for 
out 
= 358.50 BTU/HR, T = 190°F 




2-nr I h„ v e f f 
358.50 / 1 
(2 r r ) ( .101) ( .116) (948 .1 ) \ 3600 
U = 1 A 3 x 10~3 l b m / f t 2 - s e c 
v v 
and 
*rP ( p v V 
2CT p. 
v 
1 - - £ ) = - 2 .2^ x 10~
4(1.U3 x 10 3 ) 2 
p£ ' 2 (4 .2 x 10" 3 ) (2„7 x 1 0 " 2 ) ( 3 2 . 2 ) 
1 -
2 .7 x 10 
£1 
-2 
6 27 x 10' 
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ESTIMATION OF THE VAPOR PRESSURE DROP 
The m a g n i t u d e of t h e v a p o r a x i a l , p r e s s u r e d r o p i s d e t e r m i n e d 
from e q u a t i o n ( 4 . 1 3 ) a s i n d i c a t e d by Chisho l jn , •,: 
8LL m -t 
^ - —*-£- CD 
where 
o u t 
m = r 
h fS 
( F . 2 ) 
or 
AP 8LL Q, , 
w p v ou t 
T~ = IT 
V rv "fg °c 
( F . 3 ) 
"v TT p r h „ g 
From experimental data for Q Q = 358.50 BTU/HR? T = 190°F, 
therefore 
fvv = 8(3-05 x 10"
1)(358.5Q) 
\ TT(2.7 x 10"2)(.101)1+(9^8.1)(32.2)(3600)2(12)3 
n 
~ 1.45 x 10 psi/in 
the magnitude of &P is determined by equation (lj-.ll) as: 
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2CT i M i l 3 ' ) o c* IA-1 • 
AP = — = r = ^-6o x 1 0 PS1 
c B P 2.24 x 10 llilf 
Comparing AP with AP Jt and considering the dimensions of the heat 
pipe it can be seen that the vapor pressure drop is negligible. 
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APPENDIX G 
DETERMINATION OF THE PRESSURE DROP IN THE LIQUID PHASE 
In order to determine the pressure drop in the liquid phase, It 
is necessary to first define an inverse permeability (or friction factor) 
as (35): 
y>- &* l P r 
AP = KL -±-±-^L (G.1) 
1 Pl A N 
It should be noted that the inverse permeability K is based on 
approach velocity and not pore velocity. An Inverse permeability based 
on pore velocity is defined in the same way except that the porosity 
is Included. Equation (G.l) can also be written as: 
i P = K l ^ W U a ^ 
If pore velocity Is used, the pressure drop in the liquid face 
is given by 
ftP = *{ M^ ^eff
 up (G--3) 
from equations (G.2) and (G-.3) 
or 
K "J = KJ U (G.k) 
1 a 1 p v 
K, = 4 g£ (G.5) 
a 
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But since by definition 
J 
U = -^ (G.6) 
P e 
The inverse permeabilities based on pore and approach velocities 
are related by: 
K' 
Ki = T (G-7) 
Since the evaporator and condenser have different geometries, as 
well as different capillary structure the pressure drop in the liquid 
region is determined separately for each section. 
Consider first the liquid pressure drop in the evaporator. It 
is assumed that the liquid evaporates uniformly over the evaporator 
surface. 
The liquid flow rate entering each evaporator surface is: 
o « b 




$ = rate of evaporation per unit area 
r = radius to mid-point of evaporator area 
m 
r = radius of evaporator at a particular location 
therefore 









r = — = .707 r. (G.10) 
m v-2- b 
The effective length that an average element of fluid travels in 
the evaporator is 
I __ = r, - r = IV - .707 r, = .293 r, (G.ll) 
eff b m b b b 
Evap 
Substitution of this value in equation (G.l) gives the liquid 
pressure drop experienced by an average element of fluid in the evaporator 
section. As the fluid flows an elemental distance in the radial direction, 
the pressure loss is 
dP = BK1 ~^^~- (G.12) 
? l 2Trr6B 
If it is assumed, that liquid evaporates at the mean location 
dP = JL 
M-I m 
B 1 p^ 2nr6B 
which upon integration gives 





M- - ^ 
AP = BK1 -^ ~-§- In -^ (G.11+) 
P* 2^6B \ m 
substitution cf (G.10) into the above expression gives 
B 1 p, m 
AP = 0.0552 -—- (G.15) 
P^B 
The liquid pressure drop in the condenser can be determined in 
a similar fashion. If it is assumed that the heat transfer and fluid 
flow are symmetrical, the effective length of liquid flow in the con-
denser is one fourth of the total heat pipe length. 
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*eff - T 
Cond 
(G . I6 ) 
Consequently the liquid pressure drop in this section is given 
by: 
IL H * *A 
AP = A "1 — T-T--
p ^ b 
(GT.17) 
Combining the liquid pressure drop in the evaporator and con-
denser ^ives the total liquid viscous loss as: 
AP , = 0.0552 -
vk p .0 




= !jL^ r ° ' Q ^ 2 BK1 A ^ ̂ A ^ 





CALCULATION OF INVERSE PERMEABILITIES 
According to Marcus/„x, the permeability of screen wicks can be 
calculated by 
K., = — d S- g (H.1) 
122 (1 - e) 
Where d Is the wire diameter and the screen porosity e, is given by 
i n F M d fu o\ 
e = 1 - — j ^ ~ (H.2; 
Where F is the crimping factor, usually equal to 1.05, and M Is 
the numbers of wires per Inch of the capillary structure. 
Figure 29 shows a comparison between data collected from several 
researchers "oy Marcus / % and equation (H.l). It should be noted that 
Marcus used pore velocities In nis investigation instead of approach 
velocities as Is the case in the present investigation. Therefore 
equation (0.7) is used to relate the permeabilities based on these 
two types of velocities. 
A sample calculation for the evaluation of the inverse perme-
ability, K_ j of a 100 mesh screen is now illustrated. 
From Figure 29, the permeability K, for the 100 mesh screen is 
1 -9 2 found to be approximately k.5 x 10 ft and the Inverse permeability 
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TRW (Std - Screen 
McKinney 
Alexander 
d2 e3 ,, -fi 
(in) 
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Figure 29. Permeability of Screen Wicks 
(20) 
1 8 , 9 
K| = --= 2.22 x 10 l/ft 
Therefore, the inverse permeability based on approach velocity is then 
h = T = ̂ fsfr- = 3-52 x 1Q8 V"2 
where the value of the porosity, e, is obtained from published data 
such as (21). (See also Appendix i). 
It is also interesting to investigate the inverse permeability 
associated with flow in an annulus bounded by solid material (or screen) 
on both radii, in order to establish a lower limit on inverse perme-
ability and to determine the effects of using annular channels between 
layers of screen or other porous materials. 
In order to determine the inverse permeability, K , for an 
annulus consider the model shown in Figure 30. 
Assuming that the flow is laminar, steady, incompressible and 
fully developed, a force balance or the fluid elements yields: 
AP(2rr rc dy) - dT(2iT r ) dz (H.3) 
where dT is the difference in shear stress en the two faces on the 
element. From (H.3) it follows that 












uT 01 neat rape 
Figure 30. Liquid Annulus Model 
00 
08 
substitution on (H.̂ t-) gives: 




Integrating twice, and using the following boundary conditions 
Vrr a 0 @ y = 0 and at y = 
V = 
2 




The mass flow rate in the channels can be evaluated from: 
m = 2TT r p 








12 |j, Az £ (2WJ (H.9) 
From the definition of inverse permeability, K, , it is known 
that 
AP = K ^ m 
Az 1 pt AAe 
(H.10) 
where e = 1 and A. = 2TTT 6 . 
A c c 
Combining e q u a t i o n s (H.9) and (H.10) g i v e s 
M-• ^ 1 2 ^ J& K l i m = ~ 2C
J. p , 2irr 6 „ 3 / Q _ \ 
K£ c c po t (.--nr ; 




It = ^ | (H.12) 
8c 
Table 7 summarizes the value of inverse permeabilities for several 
capillary structures, as well as for .005 in annulus. 
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Table 7. Inverse Permeability foi. Several 
Capillary Structures 
Capillary Structure , / 2\ 
100 mesh screen 3.52 x 10 
Q 
200 mesh screen 5-23 x 10 
^00 mesh screen 4.01 x 10 
Fiber Glass Cloth 2.48 x 109 
0.005 In. Annulus 6.67 x 10' 
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APPENDIX I 
CAPILLARY STRUCTURE DATA 
The following Table summarizes some wick data useful for heat 
pipe calculations. 
Table 8. Capillary Structure Data (21), (kk) 
Capillary 
S tructure 





8 x 104 
(ft) 
e 
100 mesh copper k.k-7 5.83 10. ̂ 3 .632 
screen 
200 mesh copper 2.89 2,1*S h.k-3 .736 
screen 
1+00 mesh copper 1.25 1.02 2.kk .712 
screen 
Fiberglass cloth 3.33 1.67 ^.17 -50 
where D : Pore diameter 
P 
D : Wire diameter 
w 
5 : Thickness 
e : Porosity 
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APPENDIX J 
EVALUATION OF THE EFFECTIVE THERMAL CONDUCTIVITY 
OF THE WICK-LIQUID MATRIX 
The effective thermal conductivity of the wick-liquid matrix is 
given by equation (4.23). A sample calculation follows. 
Consider the capillary structure to be made up of 100 mesh 
copper screen and the working fluid to be water at 200 F. 







= 2.24 x 10 ft 
-4 
= 2.92 x 10 ft 
= .394 BTU/HR ft °F 
Substitution of these values into equation (4.23) yields 
h 
K I 
2.24 . . r 










i2^~7 fL22 4. -1 \̂ 1 + ( 2 .92 . A 




HR Ft F 
Table 9 gives values of the effective thermal conductivity of 
the wick-liquid matrix for various combinations of capillary structure 
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and working f luid. 
^ 
Table 9- Effective Thermal Conductivity for Several 
































500 l lU.16 




1+00 113 M 







Table 9. (Continued) 
Cap i l l a ry Working Temperature K 
S t ruc tu r e F lu id (°F) (BTU/HR f t °F) 
70 113.81 
100 113.85 
Water 200 113.92 
300 113.92 
1+00 113.89 
1+00 mesh 500 113.81 
{^KJjJjJtzl 
screen TO 113.20 
100 113.20 
200 113.20 






Water 300 M9 
koo M2 
500 .1+26 












EVALUATION OF THERMAL RESISTANCES 
In this appendix, sample calculations of the different thermal 
resistances of the device are presented. Several tables are given 
which give the value of these thermal resistances for various conditions 
In the following sample calculations, it was assumed that the 
window was made of aluminum oxide and the capillary structure in the 
evaporator consisted of one layer of fiberglass cloth, while the 
capillary structure along the waveguide was made of 100 mesh copper 
screen. The working fluid was assumed to be water and the operating 
temperature 100 F. 
Window Resistance (R ? ) 
Consider an aluminum oxide window .1178 thick. From equation 
(if-.21) it is known that 
t 
R 
12 _ 2 






R12 - 2 ' 3 ^ *"* ^ 
Table 10 lists the values of I' for several window materials 














Wick-Liquid Resistance in Evaporator (R?0) 
The effective thermal conductivity of the fiberglass water 
combination varies very little in the range of possible operating 
temperatures of the device (see Appendix J). An average value of the 
effective thermal conductivity was therefore used in evaluating the 




R = 10.^3 x io"^ 
2 3 (.44I)TT(.1042)2 
-2 Hr~°F 
R23 = 2.7Txl0 - 3 ^ 
Values of R are listed in Table 11. 
Interfacial Resistance in Evaporator (R , ) 
The interfacial resistance in the evaporator is given by equation 
(4.24). Therefore, for the model being considered: 
R = (2n)^ (63.76)
3/2(^60)^2 
3k
 (2TT)(4.17 x 108)(778) (1037.2)2(136.68)(1.0 x 10"1)2 
-5 Hr-°F 
R3k = 10.07 X 1 0
5 _ 
Tables 12a, 12b, and 12c list the values of R , for several 
types of capillary structures and working fluids. 
Table 11. Wick-Liquid Resistance in 
the Evaporator (Rno) 2j 
Capillary- Number of Working >3 * ^ 
Structure Layers Fluid (Hr- F/BTU) 
1 Water 2.75 
2 Water 5-49 
3 Water 8.24 










3 Heptane 8.19 
4 Heptane 10.90 
1 Water 277 
2 Water 554 
3 Water 832 
4 Water 1110 
Fiberglass 
Cloth 
1 Heptane 529 
2 Heptane 1060 
3 Heptane 1590 
4 Heptane 2120 
100 
Table 12a. Interl'acial Resistance in Evaporator (R3I4.) 































































5 ^ 3 
5.55 
1 .37^ 
3 Water 300 " ^ 
^ .397 
Table 12a. (Continued) 
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Number of Working Temperature Roî . x 105 






























Table 12b. Interfacial Resistance in Evaporator (Rol|) 
(Condenser Capillary Structure: 200 Mesh 
Copper Screen) 
Number of Working Temperature 
5 
R^k x 10y 













h 35 .k& 
l 9.3^ 
2 















3 Heptane 200 5.2U 
h 5.29 







Table 12b. (Continued) 
Number of Working Temperature 
& 
x io5 
Layers F lu id (°F) • °F /BTU) 
1 2.18 
2 2.20 




















3 Heptane 500 5.26 
h 5-35 
ich 
Table 12c. Interfacial Resistance In Evaporation (Rô .) 
(Condenser Capillary Structure: 1+00 Mesn 
Copper Screen) 
Number of Working Temperature Rolj. x 105 
(Hr-°F/BTU) Layers Fluid (°F) 
1 20.51 
2 


































Water 300 ' ^ 
h .373 
105 























































Thermal Resistance in Vapor (iVr) 
The vapor thermal resistance is found to be from equation (1+.29) 
- 8(3-052 x :LO~2)(^6O)(2.6 x io'"2)(876.9 - 0.01606) 
^ TT(^.17 x 10®) (778) (l.llK) x 10'"3) (1037-2 ) 2 (1.0 x lO"1)4 
\ 5 = 1-256 x 10 * -g-^j-
Typical values of Rj_ for the cases considered in this investigation 
appear in Tables 13a, 13b, and 13c. 
Interfacial Resistance at Condenser (Rr£) 
Applying equation (U.30) to the case being considered, the 
interfacial resistance in the condenser is found to be : 
R = 2(2n)y85.76)
3/2 (56o)^/2  
5 6 W(.6)(U.l7 x 108)*(778)(136.68)(1037*2 f (1.0 xlO-1) 
R 5 6= 1 . 6 7 8 x 1 0 - 5 . ^ 
Tables 1̂ -a, 1̂ -b, and 1̂-c give typical values of R^ for the 
different heat pipe configurations considered in the present investi-
gation. 
Wick-Liquid Resistance in Condenser (R ,r„ ) 
The thermal resistance of the wick-liquid combination at the 
condenser is from equation (̂ .31) 
> -ldk2 
T? .100 
%7 ~ TT(1I1.32){,6) 
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Table 13a. Thermal Resistance in Vapor (R^O 
(Condenser Capillary Structure: 
100 Mesh Copper Screen) 
11 
Number of Working T e m p e r a t u r e % 5 x 10 
Layers F l u i d (op) (Hr-°F/BTU) 
1 1901+ 
2 
Water 70 1979 
3 2059 
k 2151 
1 im .5 
2 ^27.9 
3 Heptane 70 1+1+5.1 
k 1*65.0 
1 3 5 2 . 3 
2 
Water 100 3 6 6 . 3 
3 3 8 1 . 0 
h 3 9 8 . 1 




1 1 5 . 6 
120 .2 
4̂ 1 2 5 . 6 
1 5 . 1 3 1 
2 






Heptane 200 k.gk6 












































Table 13b. Thermal Resistance in Vapor (R^c) 
(Condenser Capillary Structure: 
200 Mesh Copper Screen) 
11 
Number of Working Temperature %5 * 1 0 
Layers F lu id (°F) (Hr . -F/BTU) 
1 1853 















3 Heptane 100 112.0 
k 1JJ+.2 
1 1+.99I+ 










o ^ater 300 ' 2 
k '.3hk 
'['able 13b. (Continued) 
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Number of Working Temperature % 5 
(Hr-
x 10 





































Table 13c. Thermal Resistance In Vapor (Rh^) 
(Condenser Capillary Structure: 
k-00 Mesh Copper Screen) 
11 
Number of Working Temperature Rj+5 x 10 
(Hr - °F/BTU) Layers F lu id (Op) 
1 1839 
2 i 8 6 0 
3 Water 70 187U 
h 1896 
l 3 9 7 . 5 
2 1+02.1 
3 Heptane 70 1+05.2 
h 1|09.9 
l 3 ^ 0 . 3 
2 Water 100 3 ^ . 2 
3 3I+6.9 
k 3 5 0 . 9 
1 1 0 7 . 3 
2 1 0 8 . 6 
3 Heptane 100 1 0 9 . h 
k 1 1 0 . 7 
1 1+.956 
2 Water 200 5 .013 
3 5 .052 








3 Water 3 0° loo 
1+ .303 














































Z Heptane 500 " ^ 
4 .131 
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Table lUa. Interfacial Resistance at Condenser (Rĉ r) 

































































2 TT 4- , m 6A85 
3 Water 3 0° 6.5U9 
k 6.621 





F lu id 
Temperature 
(°F) (H? 
6 x 1 ( ) 7 














































Table 1̂ -b. Interi'acial Resistance at Condenser (R^) 
(Condenser Capillary Structure: 200 Mesh 
Copper Screen) 
7 
Number of /forking Temperature R ^ x 10 
Layers F lu id (°F) (H? - ° F / B T U ) 
1 356.U 
3 Water 70 lltl 
^ 361.3 
1 597.3 
2 u , _ 600.2 
3 H e p t a n e (0 602.5 
^ 605.k 
1 161.6 




I Heptane 100 ^32.9 
^ 335.8 
1 22.58 
3 Water 200 ^2.69 
h 22.89 
1 89.09 
^ Heptane 200 ^-52 
^ 90.31 
1 6.379 
2 ,T , 0 _ . 6.^4-10 
3 ^ a t e r 3 0 ° 6.14-35 
1+ 6A66 

























































Table lUc. Interfacial Resistance at Evaporator (Rc:̂ ) 
(Condenser Capillary Structure: ^00 Mesh 
Copper Screen) 
Number of Working Temperature 


































3 W a t e r 3°° 6^97 
h 6.U16 






















































-k I]"r-°F iV = 1.961x10 - ^ 
Table 15 summarizes the values of R^„ for several combinations 
67 
of capillary structures and working fluids. 
Waveguide Thermal Resistance (R̂ .o) 




•ta - TQJTO 
V8 = ^28.39) (."37 
R^Q = 1.131 x 10 
-4 Hr-°F 
78 ~ ""J-J-L A x" BTU 
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Table 15. Wick-Liquid Thermal Resistance 
in Condenser (R/-̂ ) 
. __ . £_ 
Capillary Number of Working R^y x 1° 




1 Water 50.58 
2 Water 97.03 
3 Water 1^3.9 
k Water I96.I 
1 Heptane 50.27 
?- Heptane 96 A3 
3 Heptane 1^3.0 
k Heptane 19^.9 
1 Water 17.86 
2 Water 1+0.29 
3 Water 58.31 
+ Water 80.93 200 mesh 
copper 
screen 1 Heptane 17-98 
2 Heptane ^0.56 
3 Heptane 58.70 
h Heptane 8l.k8 














Water 22 A l 
Water 31 Ao 








The experimental data is presented in two tables. Table l6 
lists the temperature distribution in the test heat pipe and Table 17 
presents the heat pipe operating data. The following nomenclature is 
used in Table 17. 
Q,. = Power delivered to the heat pipe 
m 
V • = Working fluid volume 
T = Inlet cooling water temperature 
cw 
AT = Cooling water temperature Increase from inlet to outlet of the 
cooling water jacket. 
P. = Pressure inside the heat pipe at the beginning of test 
P_P = Pressure inside the heat pipe at the end of the test 
m = Cooling water mass flow rate 
cw 
It should also be noted that water was used as working fluid in 
tests 1 through k-9, while heptane was used in the remaining tests. 
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Table l6. Test Heat Pipe Temperature 
Distribution ( F) 
T e s t Thermocoupl e Number 
Number 1 2 3 1* 5 6 7 8 
1 80 80 80 80 80 80 • 80 80 
2 9 2 . 7 9 2 . v 9 2 . 7 9 2 . 7 9 2 . 7 9 2 . 7 9 2 . 7 9 2 . 7 
3 107 107 107 107 107 107 107 107 
k 1 2 7 . 7 1 2 7 . 7 1 2 7 . 7 1 2 7 . 7 1 2 7 . 7 1 2 7 . 7 1 2 7 . 7 1 2 7 . 7 
5 lM-8 ll*8 lk& 1U8 Ll*8 ll*8 ll+8 ll*8 
6 178 178 178 178 178 178 178 178 
7 7 6 . 7 7 6 . 7 7 6 . 7 7 6 . 7 7 6 . 7 7 6 . 7 7 6 . 7 7 6 . 7 
8 9 2 . 7 9 2 . 7 9 2 . 7 9 2 . 7 9 2 . 7 9 2 . 7 9 2 . 7 9 2 . 7 
9 99 99 99 99 99 99 99 99 
10 121*. 7 12k.7 121*. 7 1 2 4 . 7 121*. 7 121*. 7 121*. 7 121*. 7 
n II4-9 ll+9 ll*9 ll*9 ll*9 ll*9 ll*9 il*9 
12 173-3 1 7 3 . 3 1 7 3 . 3 173 - 3 1 7 3 . 3 1 7 3 . 3 1 7 3 . 3 1 7 3 - 3 
13 8 0 . 3 8 0 . 3 8 0 . 3 8 0 . 3 8 0 . 3 8 0 . 3 8 0 . 3 8 0 . 3 
Ik 91 91 91 91 91 91 91 91 
15 1 0 ^ . 5 101+.5 101+.5 10I+.5 101+.5 10l*.5 10U.5 1 0 4 . 5 
16 1 2 6 . 5 1 2 6 . 5 1 2 6 . 5 1 2 6 . 5 1 2 6 . 5 1 2 6 . 5 1 2 6 . 5 126 .5 
17 1 5 1 . 5 1 5 1 . 5 1 5 1 . 5 1 5 1 . 5 1 5 1 . 5 151-5 1 5 1 . 5 151 .5 
18 1 8 2 . 7 1 8 2 . 7 1 8 2 . 7 1 8 2 . 7 1 8 2 . 7 1 8 2 . 7 1 8 2 . 7 1 8 2 . 7 
19 1 9 2 . 7 1 9 2 . 7 1 9 2 . 7 1 9 2 . 7 1 9 2 . 7 1 9 2 . 7 1 9 2 . 7 1 9 2 . 7 
20 210 210 210 210 210 210 210 210 
21 1 9 5 . 3 1 9 5 . 3 1 9 5 . 3 1 9 5 . 3 1 9 5 . 3 1 9 5 . 3 1 9 5 . 3 1 9 5 . 3 
22 75 75 75 75 75 75 75 75 
23 87 87 87 87 87 87 87 87 
2k 100 .5 100 .5 100 .5 1 0 0 . 5 100 .5 1 0 0 . 5 1 0 0 . 5 1 0 0 . 5 
25 121 .5 1 2 1 . 5 1 2 1 . 5 1 2 1 , 5 121 .5 1 2 1 . 5 1 2 1 . 5 121 .5 
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Table 16. (G ont inue < i.) 
Test Thermocouple Number 
Number 9 10 1.1 12 13 l4 15 
1 8o 80 110.7 103.3 115 101.5 32 
2 92.7 92.7 156 134 166 125.5 32 
3 107 107 192.7 170 223.7 154 32 
4 127.7 127.7 290.5 223.7 312.7 197.5 32 
5 148 148 366 278.5 388.7 238.5 32 
6 178 178 391 306.7 >431 261.5 32 
7 76.7 76.7 106.7 96.5 120.7 99 32 
8 92.7 92.7 153-5 122.7 183-5 128.5 32 
9 99 99 203 I69 .5 219 153 32 
10 124.7 124.7 284 216.5 306 192.7 32 
n 149 149 356.5 270.5 380.5 227.7 32 
12 173.3 173.3 428 3 1 1 >431 267 32 
13 80.3 80.3 131 101.5 120,3 100.5 32 
14 91 91 190.5 126.5 175 124.3 32 
15 104.5 104.5 283.5 171 249 163.5 32 
16 126.5 126.5 370.5 217.7 325.5 325.5 32 
17 151.5 151.5 421 267.3 4o6.5 235.5 32 
18 182.7 182.7 >431 313.5 >^-3l 275.3 32 
19 192.7 192.7 >43l 342 >43l 297.3 32 
20 210 210 >43l 380.5 >43l 324 32 
21 195.3 195.3 >43i 340.5 >43l 293.3 32 
22 75 75 131.5 97 124 96 32 
23 87 87 200.5 12:6.5 186.3 124.7 32 
24 100.5 100.5 271 161 249 157.7 32 
25 121.5 121.5 379.1 207 347 199.5 32 
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Table 16. (Continued) 
Test Thermocoupl e Number 
Number l 2 3 4 5 6 7 8 
26 140.7 1*4-0.7 l4o.7 l4o.7 140.7 140.7 140.7 140.7 
27 175 175 175 175 175 175 175 175 
28 186.7 186.7 1.86.7 186.7 136.7 190.5 190.5 190.5 
29 210 210 210 210 210 210 210 210 
30 64.5 67 67 67 67 67 67 67 
31 76.6 76.6 76.6 76.6 76.6 76.6 76.6 76.6 
32. 89.5 88.6 88.6 88.6 88.6 88.6 88.6 88.6 
33 100.5 99 99 99 99 99 99 99 
34 146 144.3 144.3 144.3 144.3 144.3 146 146 
35 165.5 161.5 160.6 161.5 161.5 161.5 16k.6 164.6 
36 176 173.3 173.3 176 176 176 173.3 173.3 
37 195.3 194.5 194.5 194.5 194.5 190 195.3 195.3 
38 58.6 61 61 61 61 61 61 61 
39 72.6 73 73 73 73 73 73 73 
40 95 92.6 52.6 92.6 92.6 92.6 95 95 
41 120.6 118.5 118.5 118.5 U8.5 116.5 118.5 118.5 
42 154 153.5 153.5 153.5 153.5 150 154 154 
43 55.5 58.6 58 6 58.6 58.6 58.6 58.6 58.6 
44 62.5 61*. 5 64.5 64.5 64. 5 62.5 62.5 62.5 
45 75.5 72.6 72.6 72.6 72.6 72.6 72.6 72.6 
46 86.5 85.5 35 5 35.5 85.5 82.5 85.5 85.5 
47 102 99 99 99 99 95.3 99 99 
U-8 150 147.6 147.6 147.6 147.6 145.5 150 150 
h9 lk6 144 138.5 138.5 137 138.5 138.5 138.5 
50 54.3 56.5 56.5 Cjt IT 56.5 56.5 56.5 56.5 56.5 
51 59 61.5 61.. 5 61.5 61.5 61.5 61.5 61.5 
52 63.3 63.3 63.3 63.3 ^3.3 63.3 63.3 63.3 
53 67.7 67.7 67.7 70 70 70 70 70 
54 74.5 75 75 75 75 75 75 75 
55 84.7 80 74 74 80 74 74 74 
56 150.7 147.7 147.7 1'47.7 147.7 147 150.7 144 
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Table 17. Test Heat Pipe Operating Data 
Q.. v ^ T AT P. P^ m 
Tes t m wF ew C ¥ 1 f C ¥ 
Number (BTU/Hr) {ml) (op ) (°D ( p s i a ) ( p s i a ) ( p s i a ) 
1 5 3 . 9 ^ 20 7 1 . 7 9 .32 .13 . 1 8 2.61+ 
2 1 2 2 . 9 0 20 7I+.8 2 0 . 8 .21+ M 2 . 9 0 
3 211+.1+0 20 7k. 8 3 6 . 7 ,1*7 .79 2 . 8 3 
k 3 ^ 1 . ^ 0 20 7 5 . 7 5^ .7 .22 1.62 3-17 
5 1+91.62 20 7 5 . 7 7 5 . ^ 1.62 2 . 9 9 3 . 3 0 
6 5 7 6 , 9 7 20 7 5 . 7 81+. 7 2 . 9 9 1+.05 3 . 1 7 
7 5^ .62 30 7 0 . 8 9 o .11+ . 19 2 . 9 0 
8 122., 90 30 7 0 . 8 2 2 . 7 .21+ .1+2 2.61+ 
9 2 l l+A0 30 7 0 . 8 3 2 . 0 .16 . 6 1 3 . 1 7 
10 3^9*9^ 30 7 3 . 9 5 2 . 5 . 6 1 1.1+2 3 .22 
n 1+91.62 30 7 3 . 9 7 9 . 0 1.1+6 3 .05 3 . 1 7 
12 6 6 9 . 1 ^ 30 7 5 . 3 1 0 2 . 8 3 .05 6 . 0 7 3 . 1 7 
13 5 3 . 2 6 1+0 7 1 . 3 1 0 . 8 .15 .22 3 . 1 7 
ih 1 1 7 . 7 8 i+o 7 1 . 3 1 9 . 9 .22 . 38 2 . 9 6 
15 2 1 8 . 5 0 ko 71-3 3 6 . 6 . 3 8 .75 2 . 9 0 
16 3^8 .23 1+0 7 1 . 3 55-6 .75 1.52 2 . 9 6 
17 5 0 8 . 0 0 ko 7 1 . 3 8 2 . 2 .18 3.3*+ 2 . 7 7 
18 705 A 2 ko 7 2 . 6 111,1* 3 . 3 0 7 . 1 8 3 - 0 ^ 
19 8 6 0 . 3 3 ko 6 9 . 9 123 .6 .12 9-30 2 . 9 0 
20 1 1 2 1 . 5 0 ko 7 0 . k 1^3.7 9.1+1 1 3 . 9 6 2 . 9 0 
21 8 7 1 . 2 5 50 70.k 1 2 9 . 7 1 3 . 7 5 10.1+2 3 . 1 7 
22 5 5 . 9 9 50 68.6 9.32 .18 .21+ 3 . 1 1 
23 1 2 2 . 9 0 50 68.6 1 9 - 9 .26 .1+2 2 . 9 3 
2k 211+.1+0 50 70.1+ 3 2 . 5 .k2 • 73 2 . 9 5 
25 3 ^ 9 . 9 ^ 50 6 3 . 6 2 7 , 6 .1.8 • 71 2 . 9 0 
26 508 .00 50 6 3 . 6 7 ^ . 1 .11+ 2 . 5 1 3.1+3 
27 673 .92 50 7 0 . 8 1 0 8 . 5 .1+0 6.1+7 2 . 7 2 
28 89O. l ^ 50 6 8 . 6 1 2 1 . 6 .12 9 . 3 0 3 .22 
29 1118.1+3 50 7 0 . 8 11+1.7 9 . 1 0 l A . 7 7 2 . 1 7 
30 5 ^ . 2 8 30 6k. l 7.21+ .12 .15 I+.87 
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Tab le 1 7 . ( C o n t i n u e d ) 
Q. v « T AT P. P^. m 
T e s t m wF cw cw 1 f CW 
Number (BTU/Hr) (ml) ( ° F ) ( °F) ( p s i a ) ( p s i a ) (ps i a ) 
31 133 .15 30 6 4 . 1 1 4 . 8 .15 . 1 8 4 . 4 8 
32 2 3 8 . 9 8 30 6 4 . 1 2 7 . 9 .18 .38 4 . 4 8 
33 3 7 5 . 5 4 30 6 4 . 1 3 9 . 3 . 38 .63 4 . 7 4 
3^ 7 2 8 . 8 9 30 6 6 . 3 8 4 . 3 .17 3 . 0 3 4 . 4 5 
35 942 .26 30 6 6 . 3 9 9 . 0 2 . 5 3 4 . 6 5 4 . 7 4 
36 1 1 6 7 . 5 9 30 6 4 . 1 1 1 1 . 4 4 . 6 5 6 . 6 7 5 .40 
37 1450 .95 30 6 6 . 3 131 .4 6 . 6 3 1 1 . 2 3 5 .27 
38 5 2 . 5 8 30 6 0 . 5 4 . 4 . 1 0 .12 1 0 . 5 3 
39 2 3 2 . 1 5 30 6 0 . 5 l 4 . l .12 .16 1 0 . 5 3 
40 5 4 2 . 8 3 30 6 1 . 8 3 2 . 3 .16 . 5 1 1 0 . 1 4 
4 i 955 .92 30 6 1 . 8 5 7 . 3 .52 1.44 9 .88 
42 1468 .02 30 6 1 . 8 8 9 . 8 1.44 4 . 0 5 9 . 6 9 
43 5 2 . 5 8 30 5 7 . 3 2 . 4 .06 .06 2 3 . 4 4 
44 2 3 2 . 1 5 30 5 7 . 3 7 .5 .13 .12 2 3 . 0 5 
45 5 4 2 . 8 3 30 5 7 . 3 1 6 . 2 .24 .24 2 2 . 1 2 
46 955 92 30 5 7 . 3 2 6 . 7 . 4 7 .47 2 3 . 4 4 
47 1 4 8 5 . 0 9 30 5 7 . 8 4i.o . 8 9 • 93 2 3 . 0 5 
48 955 .92 30 59 -6 1 0 5 . 2 3 . 2 4 . 8 9 5 .82 
49 955 .92 30 59 -6 7 9 . 2 3 . 2 4 - 5 .82 
50 5 2 . 9 8 30 5 9 . 6 2.k .56 .58 2 3 . 9 7 
51 1 3 5 . 1 9 30 5 9 . 6 5 .4 . 58 .65 2 3 . 7 0 
52 2 3 2 . 1 5 30 5 9 . 6 6 . 5 .65 .75 2 3 . 6 5 
53 3 9 2 . 6 1 30 5 9 . 6 1 1 . 6 .75 1 .01 2 3 . 1 8 
54 5 5 3 . 0 7 30 5 9 . 6 1 6 . 7 1 .01 1 .21 2 3 . 0 4 
55 955 .92 30 5 9 . 1 2 6 . 7 1 .21 1 . 2 1 2 2 . 3 9 
56 955 .92 30 6 5 . 9 8 6 . 4 .73 6 . 6 7 5 . 7 9 
57 955 .92 30 6 5 . 9 8 2 . 2 6 . 6 7 - 5 .74 
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